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Abstract
Two potential polymer membranes, Polyactive® and PVAm/PVA are integrated into a cascaded membrane system 
used for a 600 MW (gross) reference power plant, respectively. Considering a real flue gas composition for the
simulation, the influences of membrane working temperature, dewatering process and pressure drop in heat 
exchangers on the whole system efficiency are explored. Energetic and economic analyses are carried out to compare 
these two membranes in detail.
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1. Introduction
Carbon capture and storage (CCS) is a strategy for mitigating CO2 emissions from large point sources,
such as coal-fired power plants, by separating CO2 from exhaust streams and storing the CO2 underground
for long periods of time. The goal of CCS research is to develop energy efficient and commercially
deployable technologies. In recent years, the launch of various CCS projects around the globe confirms
the desire to manage carbon emissions. The total CCS process encompasses capture, compression,
transportation and storage of carbon dioxide [1]. Technologies for the capture step are classified into three
main categories, namely pre-combustion, oxy-combustion and post-combustion. Each carbon capture
route has its pros and cons. Post-combustion carbon capture appears to be the most amenable to
integration with existing coal-fired power plants. An overview [2] of the current capture projects indicates
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that post-combustion using chemical absorption, e.g. by the solvent monoethanolamine (MEA), plays a 
dominant role in R&D activities. Many pilot and demonstration facilities using this method have been 
constructed around the world [3-6]. 
Nevertheless, the high energy consumption of the absorbent regeneration step and corrosion problems 
associated with solvent degradation increase the operation and maintenance costs of this technology [7]. 
In addition, there are handling, disposal, and emissions concerns associated with using amines for CO2 
capture. The drawbacks in using amine absorption have motivated scientists and engineers to explore 
other separation tools that are more energy efficient and environmentally benign. For example, pressure 
and temperature swing adsorption processes that utilize solid sorbents with high CO2 selectivity and 
sorption capacities are alternative techniques being considered for post combustion carbon capture [1]. 
Membrane technology potentially reduces the cost of carbon capture with few environmental concerns [8, 
9]. However, post-combustion CO2 capture via membranes is still at an early stage of development 
compared to amine absorption. 
Competing with chemical absorption, gas separation membranes used for post-combustion capture 
have probably for less environmental impact, and membrane modules can be used as add-on equipment 
with fewer modifications to power plants. The other potential advantage is that for low degrees of CO2 
separation a cascaded membrane system demands a lower specific energy than that required for MEA 
absorption [10]. Many groups and researchers throughout the world are involved in the material and 
process development [9, 11-21]. In comparison with inorganic membranes, polymer membranes are of 
particular commercial interest due to the low material cost and ease of manufacturability on a large scale. 
Moreover, they are ideal for use in mild temperature purification processes such as the removal of CO2 
from post-desulfurization flue gas [22, 23]. 
The CO2/N2 separation performances of polymer membranes are influenced by the operating 
conditions and constituents of the feed stream. Of particular interest is the effect of water vapor, a 
notorious plasticizing component that alters the gas transport behavior of polymer membranes. 
Considering the boundary conditions in a real power plant, especially, using membranes for wet flue gas 
after desulphurization process, a critical survey of the recent development in polymer membranes for 
CO2/N2 separation was conducted to screen for polymers with potential use in post-combustion carbon 
capture [24]. Herein, the literature data of selected polymer membranes displaying good CO2/N2 transport 
properties was used as input parameters in the design of a single stage membrane unit under real flue gas 
conditions. The influence of operating mode (feed compression, permeate vacuum, or a combination of 
both), moisture content and temperature on the CO2 separation degree, membrane area requirement and 
energy consumption were examined. 
This paper is an extension of the aforementioned work by Low. et al [24]. Two potential polymer 
membranes Polyactive® [25, 26] and PVAm/PVA [27, 28] membranes are integrated with the cascaded 
membrane system [29] used for a 600 MW (gross) reference power plant. Applying real flue gas for the 
simulation, dewatering process, inter- and aftercooling process, so as to the influence of the membrane 
working temperature on the whole system efficiency are explored. The relevant energetic and economic 
analyses are carried out to compare these two membranes in detail.  
2. Platform for the Simulation 
2.1. Reference power plant 
In the present work, the generic Reference Power Plant North Rhine-Westphalia (RKW-NRW) was 
chosen for the analyses [30]. The membrane cascade is located downstream of the SCR-DeNOx, dust 
removal (E-filter) and desulphurization (FGD) processes and prior to the cooling tower. Here the flue gas 
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has a pressure of approximate 1 atm and a temperature of 50~70°C. The flow rate and the components of 
the flue gas for the multi-stage membrane calculation were calculated using the data of the hard coal type 
“Klein Kopje”. The element analysis data of Klein Kopje coal are: C 65.5%, H 3.5 %, O 7.4%, N 1.5%, S 
0.6%, ash 14.2%, moisture 7.3%; and the heat value is 25 MJ/kg. The coefficient of air excess was set to 
1.15. The basic data of RKW-NRW and the simulation results of the flue gas are listed in Table 1. The 
residue of the pollutant in the flue gas consists of approximately 50 vppm SO2 and approximately 200 
vppm NO2.  
Table 1.  RKW-NRW power plant basic data and simulation results of the flue gas conditions after removal of the pollutants using 
Klein Kopje hard coal 
Power plant RKW-NRW 
Output gross 600     MW 
Output net 555     MW 
Net efficiency 45.9     % 
Steam parameters 285      bar/ 600°C / 620°C 
Operating time 8000    h/year 
Fuel input 1.33     Mt/year* 
Investment costs 534.4   million euro 
O & M costs 7.8       million euro/year 
Fuel costs 72.8     euro/t 
Electricity price 4.355   cent/kWh 
Flue gas conditions after removal of the pollutants 
Pressure 1.05     bar 
Temperature 50        °C 
Flow rate 1.6       million Nm3/h* 
Main components 
CO2 13.5     mol%* 
N2 70.1     mol%* 
O2 3.7       mol%* 
H2O 11.9     mol%* 
Ar 0.8       mol%* 
   * simulated by Pro/II 
2.2. Potential CO2 selective membranes 
Low et al. showed that rubbery polymers based on PEO or PEG emerge as promising candidates [24], 
using the material selection guidelines proposed by Merkel et al. [17]. The feasibility of producing block 
copolymers such as Pebax® and Polyactive® [25, 26, 31, 32] on the large scale is an important pre-
requisite for the subsequent fabrication of gas separation membranes and modules. Crosslinked PEO 
systems are promising for use in post combustion carbon capture if the material design strategy can be 
extended to the fabrication of thin film composite or asymmetric membranes. An advantage of using 
these rubbery polymer membranes for treating wet flue gas is that the separation performance is preserved 
even in the presence of water vapor. Facilitated transport membranes, such as the PVAm/PVA [27, 28] 
membrane, display excellent CO2/N2 separation performance in a humidified state. Such membranes are 
also promising candidates for this application, particularly if carrier stability issues can be solved. Despite 
efforts to improve the gas transport properties of conventional glassy polymers, the CO2 permeability is 
nevertheless too low for practical use in post combustion carbon capture. On the basis of the literature 
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investigation and under the framework of MetPore Project [33], the membrane properties referring to 
temperature variation are listed in Table 2. Certain estimation of the data is made.  
As described in Low’s paper [24], the temperature, H2O permeance and relative humidity have an 
evident influence on CO2 selective process of the polymer membranes. In order to develop feasible 
membrane system, these influence factors are explored in this work. Figure 1 illustrates the CO2/N2 
transport properties of PVAm/PVA composite membrane as a function of RH at 25ºC [24, 28, 34]. 
Table 2. Membrane properties of Polyactive® and PVAm/PVA membranes, referring the data from the literatures [18, 24-28, 33]   
Polyactive® Membrane PVAm/PVA Membrane 
Temperature 50°C 30°C 25°C 25°C 
Gas permenace [Nm3/m2hbar] 
CO2 5 4.3 3 0.58 
H2O 15 43.3 53 1 
Permselektivity 
CO2/N2 25 36 50 174 
O2/N2 2.8 2.8 2.8 2.5 
Ar/N2 2.8 2.8 2.8 2.5 
SO2/N2 270 270 270 270 
NO/N2 5 5 5 5 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1   CO2/N2 transport properties of PVAm/PVA composite membrane as a function of RH at 25ºC [24, 28, 34] 
2.3. Cascaded membrane system 
For the CO2 pipeline a high quality CO2 (> 95 mol%) stream is required [35], that means:  
 No free water to prevent corrosion, hydrate formation and two phase flow, <500 ppm; 
 Limited concentration of contaminants (SO2, H2S, O2) for safety and acceptance reasons;  
 Limited concentration of non-condensable gases (N2, NOx, CH4, Ar and H2); they should not exceed 
in total 4%, (two phase flow at higher pressure). 
So for post-combustion capture, in addition to separating CO2 from the other gases, the water must be 
removed to reach the level of < 500 ppm before the captured stream is pumped to the pipeline. In this 
paper, different dehydration steps have been considered: 
 In order to reach the required optimum working temperature of membranes, a water spray column 
can be used to cool down the flue gas; 
 Sijbesma et al. [36] presented an extra dehydration process is needed before the CO2 separation. A 
SPEEK polymer membrane is quite hydrophilic. It can be used for dehydration in a coal-fired power 
plant; a most important feature of this method is that through connecting the permeate stream with a 
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condenser in a power plant, a steam partial pressure level of about 40 mbar can be generated. An 
extra energy consumption was neglected here; 
 After each compressor stage of the flue gas and permeate, combining with inter- and aftercooling, a 
part of water condensates out;  
 After CO2 compression process the small amount of remaining water is removed by desiccant [37]. 
On the basis of the previous work [10, 29, 38], the cascaded system is schematically illustrated in 
Figure 2. This system has been proved to have an energetic advantage in comparison with MEA 
absorption at 50 and 70% degree of CO2 separation [10, 29].  
The Pro/II (Sim Sci.) and Aspen Plus® software (Aspen Tech Inc.) was used for the simulation. 
Different thermodynamic models for the energy balance calculation are available in Aspen and for the 
case described here the Peng-Robinson equation of state was chosen. The polytrophic efficiency of the 
vacuum pumps and compressor is assumed to be 85%. Two stages of equal pressure ratios with cooling 
after each stage were employed for the vacuum pump and compressor in membrane cascade, and three 
stages for CO2 compressor. The CO2 purity in the paper refers to the stream prior to pipeline transport. 
 
 
 
 
 
 
 
 
 
Figure 2  The cascaded membrane system used in the simulation [10, 29, 38] 
2.4. Economic analysis 
On the basis of the economic analysis method developed in our previous work [10, 39, 40], an 
economic comparison of the two membranes were carried out. The dewatering membrane used in the 
system was assumed 30 euro/m2, and the area estimation was carried out according to the data published 
in the paper of Sijbesma et al. [36]. The price difference between Polyactive® and PVAm/PVA was 
neglected and both assumed as 50 euro/m2. The heat exchanger arrangement and price simulation was on 
the basis of the work of Ek Weis [40]. A further and detailed investigation about the cooling system is 
being carried out and will be published in the near future.  
3. Results and Discussions 
3.1. Influence of the working temperature  
The influence of the working temperature of the polymer membranes on the system energetic 
consumption was investigated here. The membrane area for each case was obtained by using ideal flue 
gas for the cascaded system and defining the degree of CO2 separation (50% or 75%) and CO2 purity (95 
mol%) as specifications. For 25°C and 30°C cases, the flue gas is cooled down to the required 
temperature prior to Mem 1, and the intercooling temperature of the vacuum pump and compressor is 
kept the same for each case.  
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The simulation results using two membranes for 600 MW NRW-reference power plant are listed in 
Table 3 on the basis of the membrane property data of Table 2. It is obvious that the working temperature 
of polymer membranes plays a decisive factor for membrane properties, so as to the membrane capture 
system performance. Several important knowledge about the cascaded polymer membrane capture system 
can be achieved from the simulation results through comparing the previous work [29]: 
 Water content in flue gas functions as sweep gas for CO2 separation. This effect leads to a positive 
result, i.e., the humid flue gas can reach a higher degree of CO2 separation than that of using ideal 
gas mixture. This results has been obtained by the previous work [29].  
 The H2O permeance (6000 Nm3/m2hbar [29]; data in Table 2) of Polyactive membrane has a minimal 
influence on the energy consumption of the whole system, because of the water condensation of 
inter- and aftercooling processes. 
 In the previous work [29] O2/N2 selectivity was chosen as 2 and in this paper the selectivity is 
defined as 2.8 for Polyactive® and 2.5 for PVAm/PVA. The difference of O2/N2 selectivity conducts 
that more O2 is captured, and that the CO2 purity in this simulation is lower than the previous value.  
 One thing to be strengthened is that flue gas cooler and intercooling processes by different 
temperature have an evident influence on the efficiency loss. In the other work [40] we used 
membrane properties of 25°C as shown in Table 2 without flue gas cooler and intercooling 
temperature defined as 50°C. The efficiency loss was calculated 8.3%-pts for 79% degree of CO2 
separation. In comparison with the relevant data in Table 3 (7.3%-pts), it shows that lower 
intercooling temperature leads to more water condensation and less energy consumption of the whole 
system. 
 Cascaded PVAm/PVA membrane has an energetic advantage in comparison with Polyactive® 
membrane system under the same operating conditions. 
On the basis of the above observations the investigation of the cooling system and the integration of 
the exhaust heat from the capture system into power plant should be the focus of our future work.  
Table 3. System performance of Polyactive® and PVAm/PVA membranes for NRW-reference power plant at different working 
temperatures 
Temperature Degree of 
CO2 
separation 
[%] 
CO
2
 Purity 
[mol%] 
Membran area 
[× 103 m2] 
Specific Energy 
[kWhel/tabgetr. CO2] 
Efficiency 
loss 
[%-pts.] 
   Mem 1 Mem 2   
Polyactive® Membrane 
 
25°C 
61.2 95.0 1127 45 235.0 5.0 
79.0 94.4 2390 63 266.5 7.3 
 
30°C 
60.5 95.0 766 25 267.7 5.6 
78.4 94.4 1555 35 310.5 8.4 
 
50°C 
60.4 95.4 751 17 420.0 8.8 
78.4 94.6 1389 24 473.1 12.9 
PVAm/PVA Membrane 
 
 
25°C 
63.5 
80.3 
95.3 
94.7 
9101 
23011 
653 
915 
207.4 
224.1 
4.6 
6.2 
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3.2. Influence of the dewatering process 
As described in the previous paper, drying flue gas prior to membrane system brings an energetic 
advantage for capture process. This analysis was carried out both for the two membranes by choosing the 
case of approximate 80% degree of CO2 separation, working at 25°C. In the simulation the influence of 
the RH on the membrane CO2 separation performance was considered. For Polyactive® membrane the 
H2O permeance is assumed to vary from 53 to 40 and 30, in case of without, 1/3 and 2/3 dewatering 
process, respectively, referring the work of Metz. et al. [41]. For PVAm/PVA membrane, according to the 
data illustrated in Figure 1, the CO2 permeance and CO2/N2 selectivity are strongly influenced by RH. As 
an extension of the plotted curve, for the case of 2/3 dewatering, the parameter set of PAVm/PVA 
membrane was assumed to Nm3/m2hbar for CO2 permeance and for CO2/N2 selectivity. According to the 
system arrangement shown in Figure 2, this influence was considered only for Mem 1, because the feed 
stream to Mem 2 is saturated after cooling. Table 4 and 5 show the simulation results of these two 
membranes, respectively. From the results we can know: 
 Dewatering process brings an energetic advantage for Polyactive® membane, but not for 
PVAm/PVA membrane. 
 Process design and arrangement is a key factor for developing a feasible polymer membrane capture 
system, considering the property deviation between different membranes. 
Table 4. Influence of dewatering process on the Polyactive® membrane cascaded system working at 25°C 
Polyactive® 
membrane 
Degree of 
separation 
[%] 
CO2 
purity 
[mol%] 
For vacuum pump  
 
[kWh/tseparated CO2] 
 For compressor 
 
[kWh/tseparated CO2] 
For CO2 
compression 
[kWh/tseparated CO2] 
Total energy 
 
[kWh/tseparated CO2] 
Efficiency 
loss  
[%-pts.] 
w/o dewatering 79.0 94.4 120.6 40.5 105.4 266.5 7.3 
1/3 dewatering 78.6 94.3 116.8 40.6 105.5 262.9 7.2 
2/3 dewatering 78.1 94.3 113.1 40.7 105.6 259.3 7.0 
Table 5. Influence of dewatering process on the PVAm/PVA membrane cascaded system working at 25°C 
PVAm/PVA 
membrane 
Degree of 
separation 
[%] 
CO2 
purity 
[mol%] 
For vacuum pump  
 
[kWh/tseparated CO2] 
 For compressor 
 
[kWh/tseparated CO2] 
For CO2 
compression 
[kWh/tseparated CO2] 
Total energy 
 
[kWh/tseparated CO2] 
Efficiency 
loss  
[%-pts.] 
w/o dewatering 80.3 94.7 83.6 34.2 106.4 224.2 6.2 
1/3 dewatering 48.4 91.4 70.4 32.7 111.4 214.5 3.6 
2/3 dewatering 31.0 87.2 66.1 33.5 117.7 217.3 2.3 
3.3. Influence of the pressure drop in heat exchangers 
The aforementioned simulation was explored by assuming that there is no pressure loss in each inter- 
and aftercooler procedure. In fact, a pressure drop is certainly happened when flue gas flowing through a 
heat exchanger. In this section, 30 mbar pressure drop was supposed for each inter- and aftercooler stage. 
This analysis was carried out both for the two membranes by choosing the case of approximate 80% 
degree of CO2 separation, working at 25°C and without dewatering process. Figure 3 illustrates the 
simulation results. The red dash line represents the efficiency loss of MEA absorption system varying 
with the degree of CO2 separation [42]. It can be concluded from the results that increasing the pressure 
drop of each inter- and aftercooler stage makes the performance curves shifted to the upper-left direction. 
In comparison with MEA absorption the membrane capture system has energetic advantage under the 
given system boundary conditions.  
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Figure 3 Considering 30 mbar pressure drop for each inter- and aftercooler stage both for Polyactive® and PVAm/PVA
membranes
3.4. Capture cost 
In addition to the energetic analysis an economical examination of the two membranes was also
investigated. For Polyactive® membrane cascade the case with 2/3 dewatering process working at 25°C
(the third case in Table 4) was chosen; the PVAm/PVA membrane cascade was explored without 
dewatering and working at 25°C (the first case Table 5). The comparison results of the two systems are
listed in Table 6.
Table 6. Capture cost simulation of Polyactive® and PVAm/PVA membranes used for NRW-reference power plant 
Cost Unit Polyactive® membrane plant PVAm/PVA membrane plant
Net Power MW 465 478
Efficiency % 38.9% 39.7%
Capital cost Million €/year 58.7 482.0
Membrane Million €/year 124.9 1196.3
Membrane frame Million €/year 38.9 178.83
Compressor for cap. & comp. Million €/year 59.4 59.4
Vacuum pump Million €/year 21.6 21.6
Expander Million €/year 2.2 0.9
Heat exchanger Million €/year 8.4 8.4
O&M cost Million €/year 4.9 17.0
Additional energy cost Million €/year 29.6 26.3
Emitted CO2 Ton CO2 737220 662830
Captured CO2 Ton CO2 2621770 2696160
Total cost Million €/year 93.2 525.3
Specific CO2 capture cost €/ton CO2 35.6 194.8
It is known from the results that owing to the low CO2 permeance of PVAm/PVA membrane, this
leads to a quite large membrane area requirement of the system, so as to a very high capital cost and
capture cost.
A further assumption was done for PVAm/PVA membrane plant, i.e., the CO2 permeance could be
increased to 3 Nm3/m2hbar, and the CO2/N2 selectivity could be kept 174. Then the required membrane
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area could be decreased strongly to 4.44 million m2 (Mem 1: 4421 × 103 m2 and Mem 2: 17.5 × 103 m2). 
The system efficiency loss would be kept the same as 6.2%-pts., and the capture cost could be decreased 
to 49.2 €/ton CO2. 
4. Conclusions 
As a competing technology to MEA absorption for post-combustion capture, using polymer 
membrane cascade system has drawn more and more attention. The aforementioned investigations 
manifest that more understanding about gas separation properties of polymer membranes helps to develop 
a more feasible process. Some important knowledge is achieved from these studies: 
 Owing to the high CO2/N2 selectivity cascaded PVAm/PVA membrane system has an energetic 
advantage in comparison with Polyactive® membrane system under the same operating conditions. 
 Working temperature of the polymer membrane should be considered intensively, because this 
decides the membrane properties and influences the relative process arrangement strongly. 
 Using humifid flue gas enhances the degree of CO2 separation in comparison with using ideal flue 
gas for both polymer membrane systems. 
 Generally the polymer membranes have a better CO2 purity at a lower temperature, this means, for 
integrating these membrane cascades to a power plant, more cooling water should be used and large 
heat exchanger area is needed. This should be in detail investigated in the following exploration. 
 Relative humidity has also an influence on the gas separation of polymer membranes. For 
Polyactive® membrane this influence is reflected almost only to H2O permeance at a low 
temperature (< 30°) [41], but for PVAm/PVA membrane the CO2 permeance and CO2/N2 selectivity 
are also strongly influenced by RH. This property leads to the fact that using flue gas cooler and 
dewatering process prior to Mem 1 brings energetic advantage for Polyactive membrane cascade, but 
not suitable for PVAm/PVA membrane. 
 If considering more pressure losses in the process, e.g. pressure drop in heat exchangers, the specific 
energy and efficiency loss of both polymer membrane systems will be increased. In comparison with 
MEA absorption system, these two systems both have energetic advantage and still have a certain 
margin.  
 Polyactive® membrane system has an evident economical advantage comparing to PVAm/PVA 
membrane system. For the latter, improving CO2 permeance should be an important task. If it 
reaching Polyactive® level of 3 Nm3/m2hbar, the capture cost could be competitive under the range 
of 50 €/ton CO2. 
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